Abstract An enzyme with acyl coenzyme A:cholesterol acyltransferase (ACAT) activity was isolated from porcine liver, and sequences derived from trypsinized peptides indicated homology to liver carboxylesterase. By use of degenerate primers, human cDNA clones were identified, which were identical to human liver carboxylesterase. Expression of the full-length cDNA in Chinese hamster ovary (CHO) cells led to an approximately threefold increase in cellular ACAT activity. This was accompanied by an =20-fold increase of cellular cholesteryl ester content. By light and electron microscopy, recombinant CHO cells contained numerous lipid droplets that were not present in control CHO cells. Expression of an antisense cDNA in HepG2 cells reduced cellular ACAT activity by 35% compared with control. To further investigate the role of the enzyme in cellular cholesterol homeostasis, regulation of the mRNA was investigated in 7-day cultured
less speculative. Nevertheless, important data for the functional role and regulation of ACAT have been generated from numerous in vitro and in vivo studies. The availability of specific inhibitors of the enzyme has provided additional insights into its function. 6 ACAT appears to serve different physiological functions in specific tissues. In the intestine, ACAT activity has been shown to be related to cholesterol absorption. 2 Hepatic ACAT activity is related to the cholesteryl ester content of newly secreted apolipoprotein B-containing lipoprotein particles. This will also influence the lipid composition of plasma lipoproteins, low-density lipoprotein (LDL) in particular. 7 In addition, it can be demonstrated that increased hepatic ACAT activity correlates with an atherogenic lipoprotein profile and coronary artery atherosclerosis in a primate model. The accumulation of lipid-laden foam cells of monocyte and smooth muscle cell origin in the aortic intima is an early event in the development of atherosclerosis, 8 and it can be demonstrated that enhanced ACAT activity is responsible for the cholesteryl ester accumulation in cytoplasmic lipid droplets. 910 On the other hand, inhibition of ACAT promotes cholesterol efflux from lipid-laden macrophages. 1112 These data led to the hypothesis that ACAT inhibition might be a promising approach to antiatherogenic therapy (for review see Reference 6) .
We report the purification, characterization, cloning, and sequence determination of a protein with ACAT activity that is identical to liver carboxylesterase. this enzyme in cholesterol esterification and cellular cholesterol homeostasis are presented in this article. The enzyme shows no homology to a protein recently described as ACAT by Chang et al (Reference 17; see also "Discussion").
Methods

Purification of ACAT and Protein Sequence Analysis
Porcine liver microsomes were isolated as a source of ACAT candidate proteins. Liver tissue was homogenized in a buffer containing 50 mmol/L Tris-HCl, 10 mmol/L EDTA, 1 mmol/L glutathione, 0.25 mol/L sucrose, and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), pH 7.4. The homogenate was filtered through cotton mesh and cleared by centrifugation at 2000g for 10 minutes at 4 C C. The supernatant was centrifuged at 10 OOOg for 30 minutes at 4°C to remove mitochondria, nuclei, and cell membranes. The 10 OOOg supernatant was recentrifuged at 100 OOOg for 3 hours at 4°C to obtain microsomes, which form a pellet under these conditions. The pellet was resolubilized in 1 mol/L NaCl, 50 mmol/L Tris-HCl, 1 mmol/L EDTA, 1 mmol/L PMSF, 1 mmol/L DTT, and 20% glycerol, pH 7.7; sheared in a Potter homogenizer; and centrifuged at 100 OOOg for 1 hour at 4°C to pellet the microsomal membrane-bound proteins. The membrane protein pellet was solubilized in the same buffer as above with 25 mmol/L CHAPS. The insoluble proteins were pelleted by centrifugation at 100 OOOg for 3 hours at 4°C.
The solubilized microsomal membrane proteins were subjected to preparative free-flow isotachophoresis in a Bender Hobein VAP22 apparatus (Bender and Hobein) as previously described. 1819 The leading buffer contained 20 mmol/L HC1, 40 mmol/L Tris, and 0.2% methylcellulose, pH 8.3 , and the terminating buffer consisted of 40 mmol/L glycine, 40 mmol/L Tris, and 0.2% methylcellulose, pH 9.8. To improve separation of ACAT from acidic cholesteryl ester hydrolase (ACEH) and neutral cholesteryl ester hydrolase (NCEH), TES and taurine were added as spacer ions. Isotachophoretic separation was performed at 800 V, 30 mA at a flow rate of 10 mL/h, which resulted in a sample residence time in the separation chamber of 12 minutes. The fractions were collected and assayed for ACAT activity, protein content, and protein composition by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The ACAT-containing fractions (about 10 to 30 mL) were pooled and dialyzed against 50 mmol/L Tris-HCl and 1 mmol/L EDTA, pH 7.7, before isoelectric focusing (IEF). Up to 50 mL of ACAT-containing fractions was adjusted with 2% ampholytes (pH 4 to 8), 2% CHAPS (wt/vol), and 20% glycerol (vol/vol) and subjected to the preparative free-flow IEF system (Rotofor BioRad). IEF was performed at constant power (12 W) for 5 hours. The separated fractions were collected and subsequently analyzed for ACAT activity, protein content, and protein composition. To optimize the specific yield for ACAT, only fractions 6 through 9 were pooled and concentrated by dialysis against 20% polyethylene glycol (PEG).
For concanavalin A (ConA) chromatography, 5 mL ConASepharose suspension (Pharmacia) was filled into a chromatography column and equilibrated with the washing buffer (0.05 mol/L Tris-HCl, 0.5 mol/L NaCl, 1 mmol/L CaCl 2 , 1 mmol/L MgCl 2 , 1 mmol/L MnCl 2 , and 1% CHAPS, pH 7.4). The concentrated IEF fractions (about 6 mL) were dialyzed against washing buffer and then applied to the ConA-Sepharose column with the washing buffer at a flow rate of 0.14 mL/min. The column was subsequently washed with the loading buffer. Removal of nonbound proteins was checked by determination of the ODjgo of the column effluent. Thereafter, bound proteins were removed from the column by washing in 0.5 mol/L a-methylglycopyranoside dissolved in washing buffer. Both fractions were analyzed for ACAT activity, protein content, and composition. Since ACAT activity eluted preferentially with the bound fraction, this fraction was concentrated by PEG dialysis to be used for preparative SDS-PAGE and Western blotting.
SDS-PAGE was performed as described by Laemmli. 20 Western transfer to polyvinylidine difluoride (PVDF) membranes was done according to a standard procedure. 21 The blot strips containing ACAT activity were washed three times with 1 mL 20% methanol. Part of the material from the membrane (='/io) was used for amino acid composition analysis and quantification of the total amount of purified protein. The membrane was blocked with 0.5% polyvinylpyrrolidone in 0.6% acetic acid for 1 hour at room temperature and extensively washed with water. Trypsinization was performed on the membrane in 200 txL of 20 mmol/L ammonium bicarbonate, 2 mmol/L CaCl 2 , and 10 /xg/mL trypsin (Sigma, T-8642) overnight at 37°C and was stopped by addition of 3 /xL trifluoroacetic acid (TFA). Peptides were eluted from the membrane with 100 /xL acetonitrile and TFA (50/50) for 1 hour at room temperature. The supernatant was concentrated to 20 /xL in a speed-vacuum concentrator. After addition of 180 tiL of 8 mol/L urea, the solution was loaded on a Vydac 218 TP52 column, and fractions were collected for 3 hours. The fractions containing protein were directly applied to an Applied Biosystems A470 protein sequencer.
ACAT Assay in Cell Homogenates
ACAT activity in microsomes or cell homogenates was determined by the rate of incorporation of [ ]oleoyl-CoA (20 000 dpm/nmol) in a total volume of 400 iiL. The medium was preincubated for 15 minutes at 37°C. The reaction was started by addition of labeled oleoylCoA and stopped after 15 minutes by addition of 3 mL chloroform/methanol (2:1, vol/vol) and 400 /xL water. Cholesteryl oleate (20 jig) was added as a recovery marker. Lipid extracts were prepared according to the method of Bligh and Dyer, 23 and extracts were dried under vacuum. Cholesteryl oleate was separated by thin-layer chromatography (TLC) on silica gel plates (Merck HPTLC 60-F^) with an n-hexane/nheptane/diethyl ether/acetic acid (63:18.5:18.5:1) solvent system. Cholesteryl oleate was scraped from the plates and transferred to scintillation vials containing 5 mL of liquid scintillation cocktail (Packard Pico Aqua). Radioactivity was determined in a Beckman LS 5000 TD scintillation counter. Enzyme activity is given as picomoles per hour per milligram protein of cholesteryl [ 14 C]oleate formed. All assays were performed in duplicate.
ACAT Assay With Partially Purified Protein and PVDF Blot Strips
To measure ACAT activity in partially purified fractions, the proteins were reconstituted with liposomes as described by Doolittle and Chang. 5 Briefly, 40 mg cholesterol was dissolved in 2 mL ethanol containing 100 mg/mL phosphatidylcholine. The solution was dried under N 2 , and the pellet was reconstituted in 20 mL of 50 mmol/L Tris-HCl and 1 mmol/L EDTA, pH 7.7, and sonicated for 5 minutes to obtain liposomes. Partially purified protein was mixed 1:1 (vol/vol) with 2% sodium cholate, 50 mmol/L Tris-HCl, and 1 mmol/L EDTA, pH 7.7, and 50 /xL of this solution was added to 350 /xL of liposomes. To remove sodium cholate, the solution was subsequently dialyzed against 50 mmol/L Tris-HCl and 1 mmol/L EDTA, pH 7.7. Then, 30 nL of 500 iimol/L [ l4 C]oleoyl-CoA was added to 170 /xL of the protein liposome mixture and incubated for 30 minutes at 37°C. All further procedures were the same as described above for the assay in cell homogenates. To determine ACAT activity from PVDF blotting membranes, these were cut into strips of =0.5 cm 2 and incubated with 0.5 mL of liposomes overnight. This solution (170 fiL) was added to the ACAT assay as described above.
Measurement of ACEH and NCEH Activities
Enzymatic activity of ACEH was measured from cell lysates as described previously. 24 The only difference from the published procedure was the use of [ 
Reverse Transcription/Polymerase Chain Reaction
By use of the protein sequence information, degenerate primers were synthesized and used for reverse transcription/ polymerase chain reaction (RT/PCR). The sequence of the two primers resulting in the proper PCR product was No. 815, 5'-ATGGATCCCCT/CTCNCCG/ATTNGG-3' and No. 816, 5'-GCGAATTCATGTAC/TGAA/GTTC/TCAA/GTA-3'. First-strand cDNA was synthesized from total RNA by oligo-dT priming with a commercially available kit (Promega) according to the manufacturer's instructions. For PCR amplification, the cDNA was denatured at 95°C for 12 seconds. Primer annealing was achieved at 55°C for 15 seconds. Amplification was performed in 1.5 mmol/L MgCI 2 at 72°C for 60 seconds. All PCR reactions were done in a Perkin-Elmer 9600 thermocycler.
Library Screening and DNA Sequencing
Phage clones of a human liver cDNA library were seeded at a density of 8xl0 3 to 10xl0 3 per plate, and liberated DNA was bound to nitrocellulose filter duplicates. A 219-bp fragment obtained by RT/PCR with degenerate primers for ACAT was used as a probe. Prehybridization, hybridization, and washing were performed according to standard protocols. 26 Recombinant DNA fragments were sequenced from either plasmid or phage DNA. All sequence determinations were performed with an automated fluorescence DNA sequencer (A.L.F., Pharmacia) according to the instructions of the manufacturer. Agtll clones were sequenced directly by use of a cycle sequencing technique (Pharmacia) with specific fluorescent Agtll primers. Plasmid DNA was sequenced with appropriate primers for the vector.
Northern Blot Analysis
Total RNA was isolated from human monocytes, 7-day cultured mononuclear phagocytes (MNPs), human hepatoma cells (HepG2), and Chinese hamster ovary (CHO) cells by the isothiocyanate/cesium chloride method as described by Chirgwin et al. 27 RNA was separated on a 1.2% agarose gel containing formaldehyde and blotted to nylon or nitrocellulose membranes. Hybridization conditions have been described previously.
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Cultivation of CHO Cells and of Human Monocyte-Derived MNPs
CHO cell cultures were grown as monolayers in 75-cm 2 tissue culture flasks (Nunclon, Nunc) in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% fetal calf serum (FCS; Gibco). For transformed cells, 500 fjLg/mL G418 was added to the culture medium. To induce the expression of the recombinant mRNA, 0.7 jug/mL dexamethasone was added as indicated. Upon growth, we harvested the cells for further analysis by discarding the culture medium, rinsing the flasks with 5 mL of phosphate-buffered saline (PBS), and scraping off the monolayer rapidly with a Falcon rubber policeman. The cells were homogenized by sonification.
Human monocyte-derived MNPs were isolated and cultivated as described previously. 29 Briefly, monocytes were isolated from normolipidemic volunteers by leukapheresis and subsequent counterflow centrifugation. Those fractions containing >90% CD14-positive cells were pooled and cultured for 7 days in 35xlO-mm dishes. Thereafter, cells were incubated in the presence of lipoprotein-deficient serum (LPDS) or LPDS supplemented with 100 p,g/mL acetylated LDL for 18 hours before RNA was isolated.
Cholesteryl Ester Determination
Lipids of the CHO cell homogenates were extracted by the method of Bligh and Dyer 23 and quantified as described previously. 30 Cholesteryl esters were separated on TLC silica gel plates by use of a hexane/diethyl ether/acetic acid (80:20:1, vol/vol/vol) solvent system. The spots were detected with the manganese chloride-sulfuric acid reagent, containing manganous chloride, methanol, deionized water, and concentrated sulfuric acid. The amount of cholesteryl ester was quantified by measuring the fluorescence with an excitation of 254 nm (Camag TLC scanner) with cholesteryl oleate as a standard. The results are shown as micrograms cholesteryl ester per milligram protein. All assays were performed in duplicate.
Protein Determination
Protein was determined by the method of Lowry et al 31 with bovine serum albumin as a standard.
Determination of or-Fetoprotein
a-Fetoprotein concentrations in the medium of HepG2 cells were determined by a commercially available assay used in routine clinical chemistry (Boehringer Mannheim). Media were diluted 1:100 or 1:500 for determination.
Chemical Modification of LDL
LDL was acetylated by repeated addition of acetic anhydride followed by dialysis against PBS (pH 7.4) as described by Brown et al. 32 Modified LDL showed enhanced mobility on agarose gel electrophoresis at pH 8.6.
Fluorescence and Transmission Electron Microscopy
Cellular cholesteryl esters were visualized by use of Nile red as described by Greenspan et al 33 with minor modifications. Cells were grown on glass chamber slides (Nunc). When cells had almost reached confluency, the chamber slides were rinsed five times with PBS and the cells were stained for 5 minutes at room temperature in an aqueous solution with 100 ng/mL Nile red. Immediately thereafter, the cells were viewed and photographed with a Leica fluorescence microscope equipped with an epiilluminator (excitation, 450 to 500 nm; emission, 520 to 560 nm).
Transmission electron microscopy was performed according to standard procedures. Cells in suspension were fixed with 3.5% glutaraldehyde in PBS supplemented with 1.5% sucrose for cell protection. Staining was performed with 1% osmium tetroxide solution. Cells were dehydrated by incubation in increasing concentrations of ethanol followed by two times 10 minutes in propanaldehyde and embedded in epoxy resin. Microscopy was performed on a Zeiss EM 902 transmission electron microscope.
Results
Protein Purification and Sequence Analysis
Several procedures to isolate ACAT from microsomal fractions obtained by gradient centrifugation were tested. The final strategy adopted (Fig 1) was based on solubilization in 25 mmol/L CHAPS, preparative freeflow isotachophoresis (Fig 1A) , and further separation of the protein showing ACAT activity by preparative free-flow IEF (Fig IB) , followed by removal of nonglycosylated proteins by ConA-affinity chromatography and preparative SDS-PAGE. In the first purification step (Fig 1A) , NCEH activity could be completely separated from ACAT-containing fractions. However, most of the ACEH activity eluted with the sloping part of the ACAT peak. Fractions 23 through 32 (containing 30% to 35% of total protein applied) were collected and subjected to preparative IEF (Fig IB) . Fractions 6 through 9, containing most of the ACAT activity and 12% to 18% of total protein applied, were collected and their contents subjected to ConA-affinity chromatography. Interestingly, 89% of total ACAT activity eluted from the column with the bound fraction (25% to 30% of total protein applied), indicating that the enzyme, which itself is not significantly glycosylated, coeluted as a complex with glycosylated proteins. One of the significantly glycosylated proteins was later identified as transferrin. The fraction bound to the ConA-affinity column was collected after elution, and the protein was concentrated and applied to preparative SDS-PAGE. After SDS-PAGE, the proteins were blotted to PVDF membranes. Determination of reconstituted ACAT activity from the blot strips showed that the major activity was related to a polypeptide of =58 kD (Fig 2A) . This protein band was therefore subjected to amino acid sequencing. The purified protein was active only after reconstitution with phospholipid liposomes and appears to lose activity during purification. The loss of activity may result from the removal of essential cofactors or from partial denaturation of the protein. Fig 2B shows SDS-PAGE of the porcine protein preparation. The major band at 58 kD with ACAT activity was later subjected to digestion with trypsin and sequencing. A single major iV-terminal amino acid sequence was obtained. All peptides obtained were separated by high-performance liquid chromatography and applied directly to the protein sequencer. Amino acid sequences of the trypsinized peptides from the porcine protein are shown in Fig 3. Comparison of these sequences to known protein sequences showed a high homology to rat 14 and rabbit 13 liver carboxylesterase. Comparison of the trypsinized peptides with the sequence of porcine carboxylesterase 34 showed that there were only three differences from the published sequence of a total of 131 amino acids sequenced. This indicated that the purified protein is identical to porcine liver carboxylesterase.
Cloning and DNA Sequencing
From the amino acid sequences, degenerate primers were designed and used to amplify human and porcine liver mRNA. Starting from human liver RNA, a 219-bp fragment could be amplified reproducibly. This was cloned into pUC18 and sequenced. The nucleotide sequence of this fragment was identical to that of human liver carboxylesterase. 151635 This cDNA was then used to screen a human liver cDNA library. Approximately 10 5 clones were screened, and 28 gave a positive signal on rehybridization. Sequence analysis of eight consecutive clones showed that they were derived from the same mRNA. The other clones were not taken for sequence analysis. Comparison with the human liver carboxylesterase sequence showed that the clones sequenced were identical to =1000 bp at the 3' end of this mRNA. To obtain a full-length cDNA, specific primers were designed according to the sequence of human liver carboxylesterase. The 1.7-kb-long PCR product was cloned into pUC18 and sequenced. It was identical to the published sequence, 15 with the exception of an additional codon for alanine in position -1 of the propeptide. This clone was designated pACATOl and was used for all further experiments. Fig 3 shows the complete sequence of the insert of pACATOl. Trypsinized peptides obtained from the porcine protein are shown below the human sequence in bold letters. Homologous sequences for all trypsinized peptides generated from the porcine protein are found in the human sequence.
GGG AAC TGG GGT CAC CTG GAC CAG GTG GCT GCC CTG CGC TGG GTC CAG GAC AAC ATT GCC AGC TTT GGA GGG AAC CCA GGC TCT 170 Gly Asn Trp Gly His Leu Asp Gin Val Ala Ala Leu Arg Trp Val Gin Asp Asn H e Ala Ser Phe Gly Gly Asn Pro Gly Ser 672 197
GTG ACC ATC TTT GGA GAG TCA GCG GGA GGA GAA AGT GTC TCT GTT CTT GTT TTG TCT CCA TTG GCC AAG AAC CTC TTC CAC CGG 756 198 Val Thr H e Phe Gly Glu Ser Ala Gly Gly Glu Ser Val Ser Val Leu Val Leu Ser Pro Leu Ala Lys Asn Leu Phe His Arg 225 Asn Leu Phe His Arg
GCC ATT TCT GAG AGT GGC GTG GCC CTC ACT TCT GTT CTG GTG AAG AAA GGT GAT GTC AAG CCC TTG GCT GAG CAA ATT GCT ATC 840 226 Ala H e Ser Glu Ser Gly Val Ala Leu Thr Ser Val Leu Val Lys Lys Gly Asp Val Lys Pro Leu Ala Glu Gin H e Ala H e 253 841 ACT GCT GGG TGC AAA ACC ACC ACC TCT GCT GTC ATG GTT CAC TGC CTG CGA CAG AAG ACG GAA GAG GAG CTC TTG GAG ACG ACA 924 254 Thr Ala Gly Cys Lys Thr Thr Thr Ser Ala Val Met Val His Cys Leu Arg Gin Lys Thr Glu Glu Glu Leu Leu Glu Thr Thr 281 (-) Glu Asp Glu Leu Leu Asp Leu
Expression of ACAT/Carboxylesterase in CHO Cells
To analyze the functions of the enzyme in cellular cholesterol metabolism, the ACAT-encoding cDNA was expressed in CHO cells. The full-length insert of pACATOl was inserted into the expression vector pMAMneo. A map of the construct is shown in Fig 4. CHO cells were transfected by electroporation, and transfectants were selected by growth in G418. Compared with control CHO cells, transfected CHO cells had an approximately threefold higher ACAT activity assayed in cell homogenates (Fig 5) . Incubation with dexamethasone had no effect on ACAT activity in control cells. In addition, transfected CHO cells had a severalfold increase in cellular cholesteryl ester content, from =0.3 uglmg cell protein to =6 /xg/mg cell protein (Fig 6) . The amount of cellular free cholesterol in the transfected cells was only slightly increased. When trans- fected CHO cells were stained with Nile red and compared with control cells, a massive accumulation of stained lipid droplets in the cytoplasm of transfected cells could be detected (Fig 7A and 7B) . In control CHO cells, only very few stained granules were detectable. Electron microscopy showed numerous lipid droplets with diameters up to 1 fim. Adjacent to the lipid droplets, multilamellar structures with diameters of =200 to 500 nm appeared in the transfected CHO cells (Fig 7C and 7D) . 
Expression of Antisense cDNA in HepG2 Cells
HepG2 cells were transfected with an expression vector (pMAMneo) containing the cDNA in the antisense direction (Fig 3) . Induction of antisense mRNA for 24 hours by incubation in 0.7 /xg/mL dexamethasone led to an -35% decrease of ACAT activity in the cell homogenate (Fig 8) . This provides further evidence for a functional role of this enzyme in cholesterol esterification. To exclude nonspecific effects of antisense transfection on protein synthesis, secretion of a-fetoprotein, a major secretory product of HepG2 cells, was monitored in wild-type and transfected HepG2 cells (Fig 9) . After cells had reached confluence, a-fetoprotein was determined over a period of 60 hours. There was a linear increase in a-fetoprotein concentration in the cell culture media. No difference was observed between control HepG2 cells and HepG2 cells transfected with the antisense mRNA. This indicates that there is no nonspecific decrease in protein synthesis in antisensetransfected HepG2 cells.
Regulation of mRNA in Human Macrophages
Northern blot analysis showed that the ACAT mRNA is present also in HepG2 cells and in human monocytes and macrophages (data not shown). We had observed an increase in the mRNA level of the enzyme in the murine macrophage cell line P388.D1 on cholesterol loading (A.B. et al, unpublished data). This led us to investigate whether the human enzyme in macrophages is also regulated by cholesterol loading or depletion.
Human monocytes were isolated by leukapheresis and subsequent counterflow centrifugation. This preparation contains >90% monocytes as judged by the presence of CD 14. Monocytes were differentiated into macrophages by culturing for 7 days. Mature macrophages were incubated for 18 hours either in 10% LPDS to deplete cholesterol stores or in 10% LPDS supplemented with 100 jtig/mL acetylated LDL to induce cholesteryl ester storage. Thereafter, total RNA of the cells was isolated and probed in Northern blots. Monocytederived mononuclear phagocytes (MNP) were generated by incubating human monocytes for 7 days in the presence of Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Thereafter, cells were incubated for 18 hours in the presence of 10% lipoprotein-deficient serum (LPDS) or 10% LPDS supplemented with 100 jig/mL acetylated low-density lipoprotein (ac-LDL). As a probe, an =1000-bp fragment from pACATOI was used. Filters were stripped after exposure to x-ray film and rehybridized with a probe for human GAPDH.
LDL, there is a massive increase in the ACAT message. The internal control GAPDH is unchanged. This proves that the message for the enzyme is upregulated in response to cholesterol loading of macrophages. It is known from the literature that cholesterol loading of macrophages leads to an induction of ACAT activity. This is therefore further evidence for the role of the enzyme in cholesterol esterification. Discussion A protein with ACAT activity has been purified. Partial protein sequences revealed its identity with liver carboxylesterase and human alveolar macrophage esterase. 15 ' 16 -35 Several lines of experimental evidence indicate that the protein catalyzes the esterification of cholesterol and is critically involved in cellular cholesterol homeostasis: (1) transfection of CHO cells with the enzyme leads to an increase in cellular ACAT activity; (2) this is accompanied by an increase in cellular cholesteryl ester content as determined biochemically and morphologically; (3) transfection of HepG2 cells with an antisense message of the enzyme leads to a significant reduction in cellular ACAT activity; and (4) the mRNA for the enzyme in human MNPs is upregulated by cholesterol loading and downregulated by cholesterol depletion. It has long been known that cholesterol loading of MNPs with acetylated LDL leads to an increase in ACAT activity. 32 The amino acid sequence of the enzyme shows a number of interesting features (Fig 3) . It contains a classic leader sequence of 18 amino acids. Like all carboxylesterases, it contains the consensus sequence GXSXG (202 through 206) for the active site of serine esterases, which is shared by a large number of lipases, including human lecithin: cholesterol acyltransferase, bile salt-activated lipase, pancreatic lipase, lipoprotein lipase, hormone-sensitive lipase, and others. ACAT/carboxylesterase further contains a retention signal for the endoplasmic reticulum (HIEL), which differs from the more typical KDEL motif but has been shown to function effectively in retaining proteins in this compartment. 36 Furthermore, there is one potential site for TV-glycosylation at amino acid 62. Amino acids 399 to 414 have been shown to possess the properties of a membrane-spanning region. 16 ACAT has been postulated to be associated with the membrane of the rough endoplasmic reticulum. 4 -37 Thus, ACAT should contain both an endoplasmic reticulum retention signal and a membrane-spanning sequence. Both have been found in the cloned enzyme.
The calculated and observed molecular weight of =58 kD is lower than that reported for ACAT from earlier studies using radiation inactivation. 38 However, those studies used indirect methods to obtain the respective estimates. Furthermore, these estimates cannot distinguish unequivocally between monomeric, dimeric, and oligomeric protein structures. The uneven number of cysteine residues in the ACAT structure described here suggests the presence of at least one free sulf hydryl group. This might be involved in the catalytic activity of the enzyme, as suggested by Kinnunen et al. 39 In addition, the cysteines may be relevant for the tertiary structure of the enzyme.
When the sequence of ACAT/carboxylesterase was compared with other known sequences (EMBL data library), there was a striking homology to human bile salt-activated lipase. 40 - 41 Around the serine esterase site, there is a region of 100 amino acids (140 through 240) with 50% identity between the two enzymes. Including conservative amino acid exchanges, there is a similarity of =65%. Bile salt-activated lipase has been shown previously to catalyze the hydrolysis of cholesteryl esters in the intestine (for review see Reference 42) . Interestingly, it could be shown that bile salt-activated lipase may under appropriate conditions esterify cholesterol. 43 - 44 This dual function in cholesteryl ester hydrolysis and cholesterol esterification that appears to be dependent on the reaction conditions may in fact be relevant to the function of liver, intestine, and macrophage ACAT/ carboxylesterase, because it implies that this enzyme may also function in the hydrolysis of cholesteryl esters. Furthermore, there was an =18% identity and 43% similarity between amino acids 96 and 260 of ACAT/ carboxylesterase to human muscle fatty acid-binding protein (mFABP). This homology indicates that ACAT/ carboxylesterase may bind long-chain fatty acids. Since the fatty acid-binding capacity of FABP is related to its tertiary structure, this possibility awaits confirmation by structural analysis of the pure protein. Besides the serine esterase site, there was no relevant homology to human lecithin: cholesterol acyltransferase, the enzyme that catalyzes plasmatic cholesterol esterification.
The carboxylesterase enzyme family is involved in a large number of functions. Many of them are related to the detoxification of endogenous or exogenous substances or activation or inactivation of drugs.
1545 - 46 These include toxic organophosphates as well as acetylcholine. The functions of ACAT/carboxylesterase in detoxifying free cholesterol, some oxidized sterols, and 25 -hydroxycholesterol by transforming them into waterinsoluble, inert cholesteryl esters are compatible with a general defense function of the carboxylesterase family. When this manuscript was in preparation, an article by Chang et al 17 was published claiming the identification of human ACAT. The protein described by these investigators has no similarity to the enzyme described here. However, we believe that because of the experimental approach chosen, the evidence that the protein described by these authors is in fact ACAT is not indisputable. In several preceding articles, this group had described the isolation of CHO cell clones deficient in ACAT activity, with the tightest mutant having < 1 % residual activity. 4749 This was achieved starting from the mutant CHO cell line 25-RA, which showed a defect in the suppression of cholesterol synthesis and LDL receptors in response to 25-hydroxycholesterol. These cells contain more cholesterol and cholesteryl esters than wild-type CHO cells even under conditions of cholesterol depletion, as is the case during incubation in delipidated medium. 47 - 48 25-RA cells are therefore much more susceptible to killing by amphotericin B than wild-type CHO cells. These cells were then subjected to mutagens and selected for reduced cholesterol content by amphotericin B treatment. Cell lines still resistant to 25-hydroxycholesterol but almost deficient in ACAT activity were generated by this procedure. One cell line, designated AC29, had < 1 % of the parental ACAT activity. ACAT-deficient AC29 cells were transfected with human DNA, and successful complementation of the ACAT deficiency was achieved. 49 - 50 The DNA necessary for complementation was isolated, and one open reading frame coding for a protein 550 amino acids long (Kl protein) could be identified. This cDNA was transfected into the ACAT-deficient cell line AC29 and restored ACAT activity. 17 However, no data presented indicate that expression of Kl increases ACAT activity in cells without the artificial genetic defect of the AC29 cell. Thus, even though the data presented indicate that the Kl protein is intimately involved in the esterification of cellular cholesterol, it cannot be excluded that it is a cofactor for ACAT rather than ACAT itself. Also, no attempt has been made to analyze the regulation of the Kl mRNA by cholesterol loading or depletion of human 7-day cultured MNPs. Interestingly, the Kl protein has the highest homology (48%) to human fatty acid ligase. 51 This enzyme is involved in long-chain acyl-CoA synthesis. If the structural similarity indicates similar functions, it is conceivable that Kl provides ACAT with acyl-CoA and may be limiting for ACAT activity. Thus, there are two possible explanations for the apparently discrepant data presented by our group and by Chang and coworkers: (1) more than one cellular enzyme can esterify cholesterol, and (2) Chang and coworkers isolated a cofactor for ACAT that may be involved in enzyme synthesis, function, or stability.
Further studies are needed to resolve these questions. It will be particularly important to examine whether ACAT/carboxylesterase is the only cellular enzyme esterifying cholesterol. Previous data 52 indicate that there might be two different enzyme activities, since ACAT activity in various tissues is differentially affected by inhibition with diethyl pyrocarbonate. The relative sensitivity of the enzyme activity in a tissue can be changed by cholesterol loading. This can be interpreted as indicating that there are at least two enzymes with ACAT activity, which are differentially regulated in a tissue-specific manner. Furthermore, this study provides evidence for the involvement of a histidine residue in the enzymic activity of ACAT.
The availability of the recombinant protein will permit further studies on the relevance of ACAT/carboxylesterase in cellular cholesterol homeostasis. In particular, detailed structural analysis will be possible.
